whether it is capable of accounting for the whole or any considerable part of thermal conduction in metals.
At the junction of two metals, on the other hand, the conditions of equilibrium permit no cyclic or circulatory motion of the electrons.
In a later paper2 I introduced the following assumptions: That n, the number of free electrons per cu. cm. of the metal, is expressed by the equation n = zT2, (1) where T is absolute temperature while z and q are constants.
That (kf . k), the ratio of free-electron conductivity to total conductivity, is given by the equation (kf * . k) = C + Clt + C2t2, (2) where t is temperature on the ordinary centigrade scale and C, Ci, C2, are constants. That the heat of ionization, in ergs, per electron is V = Xc + 2.5RT,
where X/ is a constant3 and R is the gas-constant for a single molecule.
In a still later paper4 I rejected (3) and put in its place X = Bc + sRT, (3') where s is a constant never less than 2.5. This change involved the revision of all the tables of numerical values contained in the paper in which equation (3) was used.
Equations (1), (2) and (3') introduced for each metal seven characteristic constants, z, q, C, Ci, C2, 'X and s, but z may for the most part be left out of consideration, as the definite numerical value of n is needed only incidentally" in what follows.
To determine the six other constants for any metal we need six equations. Let us suppose that we know for each metal the value of the Thomson effect, a, the value of the heat conductivity at 00 C., I0, and at 100°C., 0100.
My'expression for a is in the form
in which K, K1 and K2 are determined functions of.q, C, C,, etc. Bridgman's experiments give me the values of K, K1 and K2, for many metals, and so from the Thomson effect I get three equations, which are too long to be given here.
My expression for thermal conductivity is 0w= R R + sT) kk-f (s + q-1.5),
in which ka, the "associated-electron" conductivity, is (k-kf). With the known values of 00 and 0loo I get two more'equations involving the six characteristic quantities to be determined for each metal.
Thus for two metals, a and ,B, with twelve characteristic quantities to be determined, I have ten equations given by the properties of the metals, each metal being considered separately. When the two metals are brought into contact at 00 C. and again at 1000 C., I have two Peltier-effect equations of the form " (k) k X (6) one for each temperature, where X, is the heat, in ergs, required to free (1 . e) electrons within 13, and X. has a like meaning for a.
Thus I have twelve equations to determine the twelve constants in question.
If my theory were perfect and my experimental data complete, every constant could be found exactly, or to any desired degree of precision, by means of the equations here mentioned; but neither of these conditions is fulfilled. It is unlikely, for example, that equation (1) If the question is raised why values of the constants cannot be found that will satisfy all of the equations, even if some of the data are inaccurate, the answer is that not all values are available for these constants, thus C, q, X', and s must all be positive quantities.
Below are given for each of many metals, and for two alloys, the values of the six constants that I have hit on to account, as well as may be, for the observed or estimated values of the Thomson effect, thermal conductivity, and Peltier effect with respect to bismuth, in these substances. It is to be remembered that the algebraic sign which I give to the Thomson effect in any metal is opposite to the one ordinarily used; for example, I call a positive in iron and negative in copper. The Peltier effect, IT, is given as the amount of heat, in ergs, absorbed by (1 . e) electrons in going from the metal in question to bismuth. Thermal conductivities are given in calories/cm., sec., deg. C. The constant part, X', of X' is given in ergs; ec is the "ionizing potential," in volts, corresponding to Xc; 60 and 5,oo, respectively, are the ionizing potentials, in volts, for the total work of ionization at 00 C. and at 1000 C.; k is electric conductivity in absolute measure. The numbers in the horizontal lines marked Calc. for the free-electron conductivity. The second member differs from Drude's familiar expression for the total conductivity, supposed by him due entirely to the free electrons, only in having 4 instead of 6 in the denominator. I In columns II and III are given, in absolute units, the values of the potential gradient urging the associated electrons up the temperature gradient, at 00 C. and 1000 C., respectively. P is potential due to electric charge, and (dP/dT) seems open to electrostatic measurement. Pa is potential due to differential attraction of the unequally heated metal for the associated electrons, and (dPa/dT) does not seem within reach of direct experiment at present. Integrated from 00 C. to 1000 C., d(P + P0)/dT gives differences of potential ranging from about 0.0026 volt in iron to about 0.0065 volt in bismuth and in cobalt and aboutO.008 volt in constantan.
Column IV gives values of the "ionizing potential," in volts, within the metals at 00 C., and column V shows what these values would be at 27270 C., or 30000 absolute, if the equation \ = y'Kc + sRT held all the way to that temperature.
Nothing exact can be expected from such an extrapolation, which takes no account of melting or of vaporization, but it is interesting to note that the values of a thus obtained are of the same order of magnitude as those found by direct experiment on the vapors of metals, though still somewhat smaller than these latter values.
Column VI shows, in calories, the amount of heat absorbed by the free ions and by the process of ionization in heating 1 cu. cm. of the metal 10 C. in the neighborhood of 00 C. The former of these quantities is 1.5R-yn, and the latter dn/dT.X' = qnX'/T, each reduced to calories. Column VII gives the thermal capacity, per cu. cm., of the metals as found by experiment. Evidently any number given in column VI should be smaller than the corresponding number given in column VII; and this is the case; but, for aluminium, copper, gold, and magnesium the ratio approaches onehalf, and for silver it is greater than one-half. This is a larger value of the ratio than seems probable; that is, one might expect for these metals, if the values of column VI are true, greater departures from the law of Dulong and Petit than they really show. It is to be remembered, however, that the values of y, upon which the numbers given in column VI depend, are based on the assumption that the mean free path of the free electrons within a metal is in all cases ten times the centre to centre distance of adjacent atoms. If we assume longer paths, we get correspondingly smaller values in columns I and VI. According to Compton and Ross" a photo-electrically excited electron can move in gold about twenty times the centre to centre distance of the atoms.
In view of the fact that the known specific heats of metals are in some cases smaller and in some cases larger than the law of Dulong and Petit requires, one may allow himself considerable latitude in dealing with the distribution of heat energy among the various degrees of freedom of the atoms. It is perhaps worth while to note that the numbers given in column VI would be larger if calculated for a temperature above 00 C., as this fact suggests at least an explanation of the general increase in the specific heats of metals with rise of temperature. More exact knowledge than we now have concerning the rate of this increase is greatly to be desired.
Doubtless my theory of heat conduction will be criticized as failing to deal in any general way with the Wiedemann-Franz law. This law is by no means exact. According to Jiger and Diehorst the ratio (0 + k) varies, at 180C., from 6.36 X 1010 in alium to 9.64 X 1010 in bismuth, while the temperature coefficient of this ratio varies from 0.15% in bismuth to 0.46% in platinum and palladium. In dealing theoretically with the relations of thermal to electrical conductivity we may proceed in either of two ways. We may seek for such a mechanism of conduction and such a general formula as will give the W.-F. law and then undertake to show why the individual metals depart from it, or we may proceed at first without any regard to this law but finally treat each metal in such a way as to explain its more or less approximate conformity with the law. The latter is the method I have followed.
I do not claim complete success in this undertakiig. Some ot the expedients I have adopted-for example, the values of s which I have assumed-are open to doubt. It may be that the mechanism which I have imagined and described, convection of heat by means of a circulatory electric current, can account for only a part, perhaps a small part, of the total heat conduction of metals; but I trust that enough has been done to show that the possibilities of this mechanism are worthy of serious consideration.
I propose next to consider how far the ideas set forth in this paper will go toward explaining the various "transverse" electro-magnetic and hermomagnetic effects in metals.
